Innovation/Impact: To our knowledge, this is the first report of real-time active MR tracking for interstitial gynecologic brachytherapy. Active tracking can provide the clinician with catheter-tip localization at 40 updates/sec and with real-time (3 frames/sec) control of the positions and orientations of scanner image planes, which provides feedback on surrounding tissues. The visualization of needle locations and the soft-tissue discrimination of MRI will be invaluable for optimally directing the applicator to targets around the tumor while avoiding critical organs along its path.
. The placement of multiple interstitial catheters in close proximity to the tumor is critical to treatment outcome. Magnetic resonance (MR) imaging is increasingly used for treatment planning, due to improved visualization of the tumor and its surroundings. However, interstitial catheters are less visible on MR images than on X-ray, which makes localization of the catheters time consuming. The active tracking of such catheters is complicated by (a) the metallic component of the brachytherapy catheter, and (b) the presence of 10-20 catheters in close proximity, leading to static (B 0 ) and radio-frequency (B 1 ) magnetic field inhomogeneities [2] . As a result, it is challenging to accurately track catheter positions for MR navigation and guidance. To address these challenges, we present an integrated system that incorporates real-time active catheter tracking and visualization with real-time intra-operative MR imaging allowing imaging plane continuously updated at the instantaneous catheter position.
Methods: MR-tracked brachytherapy catheter:
An actively tracking device was built based on a commercial interstitial brachytherapy catheter consisting of a plastic sharp-tipped outer tube (ProGuide, Nucletron, 294-mm length) and a tungsten alloy needle that fits through the center of the tube. The distal end (~ 30 mm) of the needle was replaced with a carbon-fiber tube, on which two 5-mm long solenoid microcoils were mounted (Figure 1 ). Carbon fiber is diamagnetic, has minimal susceptibility artifacts, and has lower electrical conductivity than metal, making it suitable for placement of tracking coils. This hybrid structure also maintained the mechanical stiffness required to perforate tissue. The microcoils were connected to a custom interface for the Siemens 3T MRI, allowing simultaneous tracking of eight microcoils. Imaging was performed with a cardiac array. 
MR Pulse Sequences:
The tracking sequence was developed by acquiring three orthogonal projections along x, y and z directions. Zero-phase-reference and Hadamard multiplexing MRI-tracking methods were implemented to correct for B 0 inhomogeneities [3] . Phase-field dithering [4] was also integrated to suppress the effects of B 1 and background inhomogeneities, with the capability for adding 0-3(0 signifies none) orthogonal dephasing gradients along assigned directions. Tracking parameters: resolution = 0.6 × 0.6 × 0.6 mm 3 ; frame rate: up to 40 updates/sec. The tracking module can acquires continuously in a tracking-only mode, which is used for following the catheter at maximal speed. It can also be used in concert with intra-procedural MR imaging, in which tracking is temporally interleaved with real-time imaging, allowing rapid image acquisition centered on the instantaneous catheter-tip location. Different application modes were developed to provide anatomic features of interest to the clinician. For example, the imaging plane could be set to always include the needle tip and the target tumor. Catheter Visualization: The tracking data was transferred to an external workstation in real-time. 3D Slicer (www.slicer.org) was used to visualize the catheter tip position and orientation vector. A first order low-pass filter was applied to remove unwanted rapid "jitter" of catheter location, providing a smoother temporal visualization during navigation. The catheter tip position and orientation was overlaid on either pre-acquired 3D MR images or on the incoming intra-procedural images. In the former case, the 3D Slicer Volume-Reslice-Driver module was applied in order to update slices displayed in the three orthogonal views in accordance with the catheter's instantaneous position. In the latter case, the real-time 2D images passed from the scanner were able to delineate the displacement of anatomy due to the catheter insertion process. Simultaneous visualization of multiple needles was possible. Key Results: A gel phantom was built inside a plastic bottle, with a Syed-Neblett template mounted on one end, and with multiple embedded plastic spheres serving as mock targets. A high-resolution 3D MR image was acquired using an inversion recovery fast gradient echo sequence and loaded into the 3D Slicer workstation to serve as a navigational roadmap. Needle placement procedures were conducted simultaneously with continual MR-tracking. The catheter tip was visualized in real-time on the background of a pre-acquired 3D model, as well as three orthogonal slices (Figure 2A ). On-demand intraprocedural real-time imaging was performed at selected times. The same MR-guided needle placement experiment was successfully performed in a cleaned dead chicken shown in Figure 2B . After insertion, the tip positions were recorded as the central needles were slowly pulled out, with the plastic catheters left inside. By using these positional data, seven virtual catheters were rendered in 3D Slicer and overlaid on the MR images (Figure 3) . Their trajectories were consistent with the susceptibility artifacts of the needles created on high-resolution MR images. 
